Positron emission tomographic (PET) images of regional cerebral blood flow (rCBF) from 30 normal, resting volunteers aged 30 to 85 years were analysed to identify areas where rCBF fell with age. Images were anatomically normalised, and a pixel-by-pixel linear re gression was performed to remove differences in global CBF between subjects. Pixels at which rCBF then showed a significant (p < 0.0 I) negative correlation with age were identified. They were displayed as a statistical parametric map (SPM) of correlations. We demonstrate an age-related decrease in adjusted rCBF in the cingulate,
In the normal brain, local blood flow is coupled to metabolic demand (Greenberg et aI., 1979) probably by both chemical and neural mechanisms (Lou et aI., 1987) . Positron emission tomography (PET) can measure the distribution within the brain of admin istered radionuclides. Such measurements may be converted into quantitative images of regional cere bral blood flow (rCBF) whose profile is taken to reflect neuronal activity (Frackowiak et aI., 1980; Fox, 1989) .
Many PET studies have looked for age-related changes in rCBF to investigate neural physiology in aging, and define normal values with which rCBF in parahippocampal, superior temporal, medial frontal, and posterior parietal cortices bilaterally, and in the left insu lar and left posterior prefrontal cortices (omnibus signif icance, X2 = 2,291, p < 0.0001, dj = I). Decreases in rCBF suggest a regionally specific loss of cerebral func tion with age. The affected areas were all limbic, or as sociation, cortices. Therefore, these decreases may con stitute the cerebral substrate of the cognitive changes that occur during normal aging. Key Words: Positron emission tomography-Regional cerebral blood flow-Normal ag ing-Statistical parametric maps.
patients can be compared. Methodological differ ences between studies have produced some con flicting results, but, in general, they have reported that flow in grey matter falls with age while that in white matter, though much lower, is relatively pre served (Pantano et aI., 1984; Leenders et aI., 1990) .
Several studies have attempted to define age related changes in the regional pattern of cerebral activity using images of rCBF (Pantano et aI., 1984) , CMR g lc (Kuhl et aI., 1982a) , or CMR02 (Yamaguchi et aI., 1986) . They have all shown relative decreases with age in the frontal lobes. However, due to the lower resolution of past generations of PET ma chines, and the limitations of analysis techniques in which "regions of interest" (ROIs) are placed a pri ori, these results have often been anatomically im precise. In addition, when defining regional changes, previous studies are difficult to interpret because of variability in the methods used to con trol for the differences in global CBF, CMR g lc, or CMR02 between subjects. Accordingly, an analysis of high-resolution PET images of rCBF was under taken, using pixel-by-pixel analysis to identify structures in which relative regional blood flow spe cifically decreased with age.
METHODS
Regional cerebral blood flow images from 30 normal volunteers, scanned as age-matched controls for patients in other studies, were analysed. The subjects, 15 men and 15 women, were 30 to 85 years old (mean = 62.4 years; SD = 15.4 years). All were normal on clinical examina tion, and had no history of neurological or psychiatric disease. None of the subjects was taking or had taken prescribed psychotropic medication. PET images were acquired in a dimly lit empty room. There was no ambient noise other than that from the scanner. Each subject had an individually moulded polystyrene head rest. The sub jects were instructed to close their eyes and remain mo tionless. They were asked if they were comfortable when positioned in the scanner but no additional instructions were given.
Scans were performed according to a standard "steady-state" protocol (Frackowiak et aI., 1980) were reoriented, linearly rescaled in three dimensions, and resliced to correspond to the stereotactic space in a brain atlas (Talairach and Tournoux, 1988) . These stereo tactically normalised images had 26 planes. Voxels were 2 x 2 x 4 mm. Plane 8 corresponded to the intercommis sural plane. The images were smoothed by convolution in three dimensions with a Gaussian filter (full width at half maximum of 20 mm) to account for the normal variations in gyral anatomy between individuals and to increase the signal-to-noise ratio. The global cerebral blood flow (in ml 100 g-I min-I) for each subject was then calculated.
Statistical analysis was designed to identify areas where rCBF decreased with age. Only planes containing data from all subjects were considered, i.e., from plane 4 (16 mm below the AC-PC plane) to plane 19 (44 mm above). Differences in rCBF between subjects have a true, region-dependent component, and a region independent component due to differences in global CBF. In order to identify region-dependent decreases in rCBF, a pixel-by-pixel linear regression of rCBF on global flow was performed to remove the confounding effect of dif ferences in global flow (Friston et aI., 1990a) . This pro cedure generated 30 new images whose global CBF had been adjusted to 50 ml 100 g -I min -I, but whose regional profiles were preserved. Pixels at which the 30 adjusted rCBF values showed a significant (p < 0.01) negative correlation with age were identified. This is statistically equivalent to deriving the second-order correlation be tween rCBF and age having partialled out the effect of global CBF. The significance of the profile of significant pixels was assessed by comparing the observed and ex pected number of suprathreshold pixels using the X2 sta tistic. This is the omnibus significance of the statistical parametric map (SPM) (Friston et aI., 1990b) .
The correlation SPM was displayed by rendering sig nificant pixels onto medial and lateral drawings of each cerebral hemisphere. Because the omnibus significance refers to the profile of pixels, it does not allow changes at any individual point or region to be reported in isolation, but, for descriptive purposes, the coordinates of SPM maxima were used to locate the cerebral structures in volved. Their cytoarchitectural designation was based on the representation of Brodmann's areas in the atlas.
RESULTS
There was no significant relationship between global flow and age (r = 0. 152). Following removal of the variation in global flow, there were many pixels at which adjusted rCBF showed a significant (p < 0. 0 1) negative correlation with age. Figure 1 shows this correlation SPM (omnibus signifi cance-l = 2,29 1 at p < 0.000 1, df = 1) projected onto drawings of the brain. Five cortical areas were highlighted in both hemispheres. They were the cin gulate gyri, the parahippocampal gyri, the superior temporal gyri, the medial frontal gyri, and the pari etal cortex (not primary somatosensory areas). In addition, the insular cortex and posterior parts of the inferior frontal gyrus were highlighted in the left hemisphere alone. Table 1 lists these structures. It also includes the atlas coordinates (x, y, and z in mm) of the highest valued pixel in each area, the mean of the adjusted rCBF, and correlation with age. This table is reported descriptively. Within this group of regions, the most significant negative cor relations of flow with age were seen in the cingu late, superior temporal, and inferior frontal gyri. Pixels in the parietal cortex were the least signifi cant, and lay within several small, scattered foci. They are therefore the least robust part of the SPM, and may not be important components of this pro file of changes. For illustration, a plot of global CBF against age is presented in Fig. 2 . Although the lin ear regression suggests that CBF increases with age, the correlation (r = 0. 152) is not significant. Figure 2 shows typical regressions of adjusted rCBF on age at two points that do and do not cor relate with age, a pixel in the left anterior cingulate gyrus is shown in Fig. 3a, and Fig. 3b shows the correlation of adjusted rCBF against age at a non significant point in the right visual cortex.
DISCUSSION
The results showed that there were region dependent decreases in adjusted rCBF with age in the cingulate gyri, the parahippocampal gyri, the superior temporal gyri, the medial frontal cortices, the parietal cortices, the left insula, and the left in ferior frontal cortex. All of the affected structures are "association," or limbic, cortices, believed to subserve higher-order functions such as cognition, which includes memory, attention, and the control The final column is the correlation between adjusted rCBF and age. The of behaviour (Peters and Jones, 1985) . Damage to these regions can lead to cognitive changes. The decreases reported here are independent of differ ences in global flow between subjects, and there fore represent a true age-related redistribution of rCBF. The absence of a clear monotonic relationship be tween age and global CBF deserves comment. It is noted that the relationship supports the notion that at higher ages there is a fall in global CBF (Fig. 2) but this trend is not seen for younger patients. Mea surements of CBF in aging have previously demon strated rCBF reductions in grey matter but not white matter (Frackowiak and Lenzi, 1982; Lenzi et al., 1983) . rCBF has shown greater variability in younger subjects than in old. This may represent a greater "reactivity" of younger subjects or a com promised vascular responsivity in normal elder sub jects. The findings with respect to oxygen metabolic rate show no consistent relationship with age. There is a trend to increased regional oxygen ex traction reflecting a maintenance of metabolism in the face of declining flow. This resetting of the flow-metabolism coupling may represent a gradual decline in capillary density (Frackowiak, 1986) . In the normal aged, the measurement of glucose me- tabolism has yielded less consistent results. Kuhl et ai. (1982a, b) reported a decline yet others did not (Duara et aI., 1983 (Duara et aI., , 1984 DeLeon et aI., 1984) .
As in previous reports, frontal lobe decreases were seen in this study. However, they were part of a wider group of regions in which rCBF decreased with age. There were also more flow decreases in the left hemisphere. The insula and prefrontal cor tex were affected only on the left, and the area in the superior temporal gyrus was larger on the left than the right. This may reflect the close association between cognition and language. These findings could be due to a regional, age related decrease in the cerebral activity that com prises a subject's response to the PET scanning pro cedure. Scans were performed during a standard "resting" condition designed to minimise motor, vi sual, and auditory cerebral activation. However, no attempt was made to direct the subjects' thoughts or feelings. Clearly, any cross-sectional study has limitations. In this instance, we cannot discount the possibility that some of these age-related differ ences may be due to sampling bias if subjects who survive to old age are different from those who do not. Age-related structural changes in the brain could also cause both real and apparent decreases in rCBF. Normal aging is often accompanied by enlargement of the ventricular spaces and cortical atrophy (Creasey and Rapoport, 1985) , which could produce apparent decreases with age in PET corti cal flow values through an increasing partial volume effect of cerebrospinal fluid, or cerebral white mat ter, on grey matter. As neither computed tomogra phy (CT) nor magnetic resonance imaging (MRI) scans were available, it was not possible to assess the degree or regional distribution of these gross structural changes in our subjects. However, this does not discount the regional specificity of the re ported findings.
Neuronal loss sub tending gross structural changes may not be the only explanation for these regional changes. It has been shown that cortical atrophy and ventricular enlargement as defined on CT scans of normal subjects do not, on their own, affect PET measurements of the regional CMR glc , another index of neuronal activity (DeLeon et aI., 1983) . In Alzheimer's disease, the degree of cogni tive impairment correlates with the magnitude of focal reductions in cerebral metabolism (Frackow iak et aI., 198 1). However, when CT, MRI, and PET images of the same patients with Alzheimer's disease are compared, the majority of focal meta bolic abnormalities cannot be explained by cortical atrophy (Fazekas et aI., 1989) . So, in this disease, decreases in cortical function and measured rCBF can be seen in the absence of gross structural change.
Microanatomical changes could also underlie de creases in rCBF. Microscopic structural changes that occur in the cerebral cortex during normal ag ing include decreases in synaptic density (Hutten locher, 1979) , decreases in neuronal density (Anderson et aI., 1983) , and decreases in mean neu ronal size (Terry et aI., 1987) , any of which might reduce local metabolic demands and therefore blood flow. Decreases in rCBF with age could, in theory, be due to structural changes, to decreases in the activity of individual neurons independent of structural change, or to a combination of the two. The balance of these processes may vary between different parts of the brain, but both would imply a loss of function.
Thus, the results of this study, whatever their cause, suggest that there is a decline in function with age of the cortical regions described. Normal aging is widely held to be accompanied by de creases in memory, verbal performance, and in "fluid intelligence" (Creasey and Rapoport, 1985; Prigitano, 1987) . It is reasonable to speculate that the age-related decreases in rCBF shown in this study affecting a number of limbic, paralimbic, and association cortices are related to these cognitive changes.
